The use of warfarin in children is increasing as a result of the increased incidence of pediatric thromboembolic disease (1) . There is little published data on the effect of long-term warfarin in children.
Warfarin, a vitamin K antagonist, affects the carboxylation of glutamic acid (Gla) residues of vitamin K-dependent proteins. Carboxylated proteins have a high affinity for calcium and are important in the incorporation of calcium into bone and bone formation (2) . At least three carboxylated proteins have been identified within the bony matrix (3) . Osteocalcin, the most abundant of these proteins, is produced by osteoblasts during new bone matrix formation (4) . Vitamin K deficiency, as demonstrated by levels of undercarboxylated osteocalcin, is an independent predictor of osteoporosis and hip fracture in elderly women (5) .
Because the most important period of bone mineral acquisition is during late childhood and adolescence, long-term treatment with warfarin in children may lead to suboptimal bone mineral acquisition. Adequate bone mass accumulation in early life is important in preventing both fractures in children and osteoporosis in later life (6 -8) . The aim of the current study was to describe results of bone density scans performed on children on long-term warfarin and compare results to randomly selected controls.
METHODS

Subjects.
Patients on warfarin for Ͼ12 mo and managed by the anticoagulation clinic at the Royal Children's Hospital, Melbourne, Australia, have bone scans performed as part of routine management. The indication for warfarin therapy in all patients in the present study was complex congenital heart disease. Details regarding date of initiation and duration of warfarin therapy were collected from the patients' medical records.
Bone densitometry. Bone density of the lumbar spine, incorporating L1-L4, on patients was assessed using Hologic QDR 4500 Elite densitometer (Hologic, Bedford, MA). The coefficient of variation using a spine phantom was 0.39%.
BMD results are traditionally reported as areal BMD (g/cm 2 ), which is calculated by dividing the quantity of the BMC (g) by the area of interest. Areal BMD calculations, however, have been shown to underestimate the bone density in short children and not accurately reflect changes occurring in bone geometry during puberty (9) . The calculation of BMAD (g/cm 3 ) is an approximation of the volumetric density of bone calculated from the BMC and the projected area of bone. We used the calculation of BMAD according to that described by Katzman et al. (10) where the volume of the measured spine is approximated by A 3/2 , where A is the projected area of the measured vertebrae. Interpretation of bone density results of different aged children can be facilitated by reporting results as a SD score or Z-score. A Z-score is defined as the number of SD above or below the mean using age-and sex-matched reference data.
Anthropometric data. Height was measured without shoes to the nearest 1.0 cm using a standard Harpenden wall-mounted stadiometer. Weight was measured with light indoor clothing, without shoes to the nearest 1.0 kg using standard electronic scales. Body mass index (BMI) was calculated using the standard formula. To facilitate interpretation of patient anthropometric data, the BMI of patients' values were converted to Z-scores.
Controls. Control patients were identified as described in Ma and Jones (7). Briefly, control subjects were fracture free and randomly selected from schools in Southern Tasmania as part of a population-based case control study investigating the association between reduced bone density and upper limb fracture in children aged 9 -16 y. Lumbar spine (L1-L4) BMD for controls was measured using Hologic QDR 2000 densitometer. The longitudinal coefficient of variation using daily measurements of a spine phantom for the QDR 2000 was 0.50%. Although there is evidence that results between Hologic densitometers are transferable, (11) there was no attempt to verify results between the two densitometers in our study.
Statistical analysis. Results are expressed as a mean with 95% confidence limits or SD. A p value of Ͻ 0.05 is considered significant. Comparisons between different groups of patients were carried out using a two-tailed unpaired t test. Univariate and multivariate analysis was used to determine the significance of differences in height and weight on the difference in bone density of patients on long-term warfarin compared with controls. Univariate and multivariate analysis was performed using SPSS software (version 8.0 for Windows; SPSS Inc., Chicago, IL). All other analyses were performed with STATA software (version 8.0; StataCorp, College Station, TX).
RESULTS
Patients and demographics.
Seventeen patients (9 males, 8 females) had bone density scans performed. The mean age of patients was 14.7 y (range, 8.6 -18.8 y). Fourteen patients had cyanotic heart disease and 3 patients had acyanotic heart disease. One patient was receiving a medication known to affect bone density (corticosteroids). Two patients were receiving calcium supplements before bone density measurement.
The mean age at which warfarin was commenced was 6.8 y (range, 0.3-14.8 y). The mean duration of treatment with warfarin was 8.2 y (range, 1.0 -14.0 y).
Three hundred and twenty-one control subjects (215 males, 106 females) were recruited as described.
Anthropometric data. The anthropometric data of patients and controls are listed in Table 1 . There was no statistically significant difference in height or weight between patients and controls. The mean BMI Z-score of patients approached 0 at Ϫ0.27 (95% confidence limits, Ϫ0.81 to 0.25).
BMD
The mean BMC, areal BMD, and BMAD are listed in Table  1 . There was a significant difference in BMAD between patients [0.10 g/cm 3 (95% confidence limits, 0.09 -0.11 g/cm 3 )]
and controls [0.12 g/cm 3 (95% confidence limits, 0.11-0.12 g/cm 3 )], p Ͻ 0.001. The BMAD Z-score of patients is reduced compared with controls: patients Ϫ1.96 (95% confidence limits, Ϫ2.52 to Ϫ1.40; Fig. 1 ). Multivariate analysis showed the observed difference in BMAD increased when adjustments were made for age, body weight, and height (Table 2) .
DISCUSSION
Children with congenital heart disease treated with longterm warfarin at the Royal Children's Hospital have significantly reduced bone density compared with controls. Although the etiology of reduced bone density in our patient group is likely to be multifactorial, the potential effect of warfarin on vitamin K-dependent proteins necessary for bone formation suggests long-term warfarin may have a impact on bone density in children. Considering the benefit of early identification of children at risk of osteoporosis, we suggest children on long-term warfarin should be considered for screening for reduced bone density. Further studies examining the direct effect of long-term warfarin on bone density of children are required.
The use of warfarin in children is rising and is directly related to the increasing incidence of thromboembolic disease in children (1) . Reasons for this increase include the greater use of central venous lines and the improved survival of children with congenital heart disease (1). Central venous lines are used to provide essential short-and long-term venous access for a number of life-threatening conditions in children and remain the major risk factor for a child developing venous thrombosis (1) . Warfarin remains the mainstay of treatment of thromboembolic disease in children. This is despite a limited understanding of the significance of long-term effects of inhibition of vitamin K-dependent proteins in growing children.
A number of studies have investigated the association between warfarin and reduced bone density and osteoporosis in adult patients (2, (12) (13) (14) (15) . The results of these studies are conflicting and some of these studies are small cohort studies and had short follow-up periods. In one large study of 6314 personyears follow-up, long-term exposure to warfarin was associ- Figure 1 . Areal lumbar BMD Z-score of patients on long-term warfarin.
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ated with an increased rate of vertebral and rib fractures (13) . On the other hand, a study of 6052 adult patients followed for more than 3y, 149 of who were treated with warfarin, showed no difference in bone density or rate of fracture in the patients receiving warfarin (12) . A recent meta-analysis of nine crosssectional surveys showed warfarin exposure was associated with a reduction of 0.4 SD in bone density of the radius but no significant change in bone density of the hip or spine (16) . This suggests that warfarin may be associated with only a modest increase in the risk of osteoporosis in adult patients. Additional factors are likely to be important in the etiology of reduced bone density in our study population. Weightbearing exercise is critical to ensure adequate bone mass accrual in childhood (17) . The exact mechanism by which weight loading increases bone mass is not known but is likely related to dynamic strains engendered in bone tissue regulating bone formation and resorption (18) . No attempt to assess the exercise tolerance of the children we studied was made, however, the ability of children with congenital heart disease to participate in dynamic weight bearing exercise may be limited. Dietary factors, in particular, dietary deficiency of calcium and vitamin D, may also be important in our patients. No attempt to quantify adequacy of calcium and vitamin D intake was made. The fact that the difference in bone density was independent of body size compared with controls suggests, however, that dietary factors may not be a major factor in contributing to reduced bone density in our patients.
Pubertal development has a very important influence on the development of bone density. Bone metabolism during adolescence is affected by changes in rising levels of sex hormone secretion and peak growth hormone and insulin-like growth factor-1 secretion (19) . It is estimated that 45% of bone mineral acquisition occurs during puberty, and pubertal delay has been associated with reduced bone density in a number of different chronic illnesses including anorexia nervosa, males with constitutional pubertal delay, and thalassemia (20 -23) . There are no studies on the incidence of pubertal delay in children with congenital heart disease, and no assessment of pubertal delay was made in the patients of our study. Because pubertal delay affects growth, we believe the persistence of a reduction in bone density between patients and controls when adjusted for parameters of growth (height, weight, and age) suggests that pubertal delay is not a major contributor to reduced bone density in our patients.
A number of therapies exist for children with reduced bone density (6, 24) . Exercise intervention trials have demonstrated a beneficial and durable effect of high-impact exercise on bone density of children (25) . Developing exercise programs to manage low bone density in patients with congenital heart disease may be problematic but programs incorporating jumping have been shown to improve bone mass in children and may have limited demand on the cardiovascular system (26) . Calcium and vitamin D supplementation can be used to increase spinal BMD (6) . Bisphosphonate therapy has been effective in treating children with metabolic bone disease and osteoporosis, but a number of issues, including optimal dose and duration of therapy in children, need to be resolved and studies documenting an association with a clinical outcome such as fracture would be required before bisphosphonate therapy is considered (24) .
A strength of this study is that we used randomly selected population based controls, which provides both a representative sample for comparison and facilitated assessment of the important question as to whether the deficit in bone mass was due to smaller body size or a reflection of true bone density. In our geographic location, there is no acceptable reference database for children and locally sourced controls were desirable. However, the controls were not from the same source population as the cases and bone density was measured using different instruments by different technicians. Although Southern Tasmania is similar in latitude to Victoria and has remarkably similar total fracture incidence rates in adults (27) , there is no comparative data between the two regions for bone density in children. However, recent work has found only very small differences in bone density between control populations in Hobart, Sydney, and New Zealand (M. Henry, unpublished data). Also, longitudinal coefficients of variations against a spinal dummy were consistently low for both the instruments, and, therefore, any potential differences due to location bias are very unlikely to explain the large difference we observed between cases and controls in the current study.
In conclusion, our study demonstrates significantly reduced bone density in children with congenital heart disease treated with long-term warfarin. Although there is a putative explanation for warfarin in causing reduced BMD in children, the etiology is likely to be multifactorial. Screening of children on long-term warfarin for reduced bone density is recommended and further investigation into the etiology for reduced BMD is necessary. 
